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Abstract 
Geochemical effects of gas impurities in the CO2 stream are not fully investigated. Co-injection of reactive 
impurities (such as O2, CO, H2, NOx, and SOx) may cause detrimental effects on storage reservoirs and seals. In this 
study, a series of autoclave experiments are conducted to investigate the potential impacts of O2 as an impurity on 
selected siliciclastic and carbonate reservoir rocks. Eight reaction experiments on three sandstones have been 
conducted at 200 bar and 70°C and100°C: Miocene sandstone (Texas offshore, U.S.A.), lower Tuscaloosa sandstone 
(Cranfield field, Mississippi, U.S.A.) and Cardium sandstone (Pembina field, Alberta, Canada). Six experiments 
have been conducted on two carbonate rocks so far (Redwater Leduc limestone, Canada; Cisco limestone, SACROC 
Unit, Texas, USA). The study shows that rocks lacking reducing minerals show limited geochemical changes with 
co-injection of a small volume of O2 in supercritical CO2. The presence of O2 does not accelerate the dissolution of 
carbonate and feldspar minerals, nor does it lead to new reactions. However, the addition of oxygen causes 
pronounced geochemical impacts when a small amount of the reducing mineral-pyrite is present in rock. As pyrite is 
oxidized, H+ ions are produced, resulting in pH reduction that increases dissolution of carbonate minerals. When 
there is a lack of pH buffering carbonate minerals, the effect of further pH drop is manifest as feldspar dissolution 
accelerates. Aqueous ferrous iron derived from pyrite oxidation is largely converted to iron oxyhydroxides which 
precipitate on mineral surfaces. The results suggest that addition of small volume fractions of O2 is unlikely to result 
in significant effects on carbonate rocks. Dissolution of calcite and/or dolomite is the dominant reactions to take 
place when CO2 is added. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
A key impediment to carbon capture and storage is the cost of CO2 capture, particularly for conventional power 
plants whose flue gas is dominated by gases other than CO2. Opportunities to reduce capture costs provided the 
incentive to investigate the impact of impurities on reservoir system dynamics and geochemical changes in the 
injection formation and their consequences on flow and ultimate capacity. Leaving some of the impurities in the 
injection stream could save both capital and operational costs possibly without significant economic or HES (health, 
environment, safety) assurance consequences to the storage part of the project. For example, pipelines and 
compressors could be re-engineered to handle impurities. On the other hand, power generation and industrial 
processes that have CO2 as a byproduct seldom produce a pure CO2 stream. When the CO2 fraction is low (as is the 
case of flue gas from conventional power plants), an amine-based capture system that will increase the CO2 fraction 
(to >99%) and possibly eliminate most of the impurities is needed and highly desirable. However, when the CO2 
fraction in the waste stream is already high (e.g., oxyfiring or gasification), only some level of gas processing might 
be required, depending on the subsurface characteristics of the strata that are to receive the stream and on other local 
operational factors (i.e., if compression, transportation not unduly impacted or can be cost-effectively re-
engineered). This chapter explores the impacts of impurities on CO2 behavior in the subsurface during geological 
carbon storage and focuses on flue-gas streams of gas oxy-fired power plants (combustion in ~pure O2). 
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Fig. 1. Illustration of mineralogical compositions of the tested samples 
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Impurities in the flue streams include N2, Ar, O2, CO, and, potentially, H2, SOx, NOx, and other acid species [1]. 
CO2 capture experts have not converged yet to a small set of applicable technologies but a range of compositions 
can be inferred from the literature. However, little work has been done to explain the impact of impurities on the 
reservoir formations. In particular, this study investigates the impact of impurities on geochemical alterations in the 
injection formation. Concerns about capture economics provided the incentive to investigate those issues. Given the 
likely waste stream composition, the autoclave experiments were performed with pure CO2 and a CO2+O2 mixture 
to investigate geochemical impact of O2 impurity to the potential reservoir rocks.  
2. Samples for experiments 
The study reacted three siliciclastic rock samples and two carbonate samples (Table 1). The former include: (1) a 
“dirty sandstone” of Miocene age from a deep well in the shallow offshore off the Texas coast; (2) a relatively clean 
sandstone from the Cardium Formation of Cretaceous age from Alberta, Canada; (3) a chlorite-rich sandstone from 
the Cretaceous lower Tuscaloosa formation from the Cranfield Field in Mississippi [2]. Mineral composition of the 
samples is presented in Figure 1. In addition to quartz, the Miocene sample is dominated by calcite (11.8%) and 
feldspars (31.6%), the Cardium sample is dominated by clays (16.9%) with some feldspar (6.7%) and siderite 
(~1%), and the lower Tuscaloosa sample is dominated by chlorite (20.2%) with some clays (9.3%). Both the 
Miocene and Cardium samples contain pyrite. Minerals sensitive to the presence of O2 are pyrite (present in the 
Miocene and Cardium samples), siderite (present in the Cardium sample), and, to a lesser degree, chlorite (abundant 
in the low Tuscaloosa sample). They all contain ferrous iron-bearing minerals. 
The mineral compositions of the two carbonate samples are relatively simple. The Redwater Luduc limestone is 
dominated by 98.8% of calcite with small amounts of dolomite (0.5%), quartz (0.4%) and illite (0.3%) (Fig. 1). The 
SACROC sample contains mainly dolomite and ankerite (92.6%) with some minor components of illite, K-feldspar, 
siderite and chlorite. 
3. Methodology 
3.1. Autoclave experiment  
The autoclave system consists of a steel reactor equipped with a stirrer able to sustain temperatures as high as 
150°C and pressures as high as 400 bars. A computer automatically regulates pressure and temperature and the 
system also allows for water sampling during the experiments. Typically 13 to 15 samples of the reaction fluid are 
taken during the 2-3 weeks of reaction experiments. Rock samples, submerged in synthetic brine, are exposed to 
pure supercritical CO2 or to a mixture of CO2 and O2 (e.g., 3.5% molar) at typical reservoir temperature and 
pressure.  
Approximately 8g of core fragments are loaded into the reactor. The rock chips were not disintegrated in order to 
keep mineral surface area relatively unchanged and to minimize the risk of plugging the lines of the sampling 
system. A synthetic brine (1.88 molar NaCl solution, TDS≈100,000 mg/L) of 110 ml was then added to the reactor, 
giving a brine/rock ratio in volume approximately 34 (different rock-water ratios were used for some early 
experiments). Temperature and pressure are automatically controlled by regulators. The reaction temperature was 
maintained by a computer controlled heater with a thermocouple positioned in the reaction chamber. An impeller 
stirs the solution to facilitate gas and rock dissolution. The magnetic stirrer homogenizes the system and speeds 
reactions by removing slow diffusion-based controls. It gives us confidence that the solution is well-mixed and that 
aqueous samples are representative of the rock-water interactions. To remove air from the system, N2 gas is pumped 
into the reactor and bubbled through the prepared solution and allowed to flow out for approximately 5 minutes. The 
reactor is pressurized and allowed to equilibrate at experimental pressure and temperature without supercritical CO2 
for approximately two days. In CO2 only experiments, the reaction vessel was sealed and a supercritical CO2 pump 
was used to increase the pressure in the reaction vessel to 200 bar resulting in a water-rock-supercritical CO2 system 
inside the cell. When 200 bar of pressure was reacted, the time was noted as the start of the reaction, approximately 
15 minutes after the introduction of CO2. In reactions involving O2 as an impurity the reaction vessel was purged 
with O2 gas for 5 minutes to remove N2. The vessel was then sealed and pressurized to 7 bar. The supercritical CO2 
pump was then used to increase the reaction vessel pressure to 200 bar resulting in a water-rock-O2-supercritical 
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CO2 system inside the cell. Liquid samples are taken through the dip tube. A sample is then taken every 2 hours for 
the first 6-8 hours, then once daily for approximately 14 days until the analyzed species concentrations remain 
constant. No additional brine is added during the experiment. About 8 mL liquid is collected for purging, alkalinity 
measurement, pH, IC and ICP analyses from the solution. The solution volume cannot be assumed constant and we 
correct for this in the release rate calculation. 
 
Table 1. Summary of autoclave experiments 
 70°C 100°C 
Offshore Miocene sandstone CO2 M1 M3 CO2 + O2 M2 M4 
Cardium sandstone CO2 C1  CO2 + O2 C2  
Lower Tuscaloosa sandstone CO2 T1  CO2 + O2 T2  
Redwater Leduc limestone  CO2 R1 R3 CO2 + O2 R2 R4 
SACROC dolomite CO2 S1  CO2 + O2 S2  
                                     
3.2. Scanning Electron Microscopy (SEM) 
Rock chips of the unreacted and reacted samples, of approximately 8 mm in size, were air dried and coated with 
iridium before SEM examination. The sample surfaces were examined under secondary electron mode for 
topography using a field-emission SEM, a FEI Nova NanoSEM 430. Energy-dispersive spectroscopy (EDS) point 
analyses of specific grains were conducted for mineral identification. Element-distribution maps were also acquired 
using two EDS detectors. The EDS maps are rendered as false-color images overlying SEM images to show 
mineralogical variation in the examined area. 
3.3. Chemical analyses  
Na and Cl concentrations were largely outside analytical calibration and brine samples were diluted by a factor 
of 100 using de-ionized water for ion chromatography (IC) and with 2% HNO3 for the inductively coupled plasma-
mass spectrometer (ICP-MS). After dilution, major cations (Li, Na, NH4, K, Mg, Ca) and anions (F, Cl, Br, NO2, 
PO4, SO4) were analyzed on two Dionex ICS-1100 IC systems, equipped with an ASAP auto-sampler. An Agilent 
7500ce quadrupole ICP-MS was used to analyze major and trace cations (B, Mg, Al, Si, P, K, Ca, Ti, V, Cr, Mn, Fe, 
Co, Ni, Cu, Zn, As, Se, Rb, Sr, Zr, Mo, Ag, Cd, Sn, Sb, Cs, Ba, Tl, Pb, Bi, Th, U). A Hach digital titrator using a 
0.1600 M H2SO4 cartridge and an Orion pH meter was used to measure alkalinity. Two to three ml of purged brine 
was diluted to 40 ml using DI water and the alkalinity was determined using the inflection-point method calculated 
on the USGS alkalinity calculator (http://or.water.usgs.gov/alk/).  
4. Geochemical impact of oxygen 
4.1. Miocene sandstone 
Reacted Miocene samples with O2 were examined using SEM aided with Energy Dispersive X-ray 
Spectroscopy. The reactions observed are not dissimilar to non-O2 experiments, though it appears dissolution is 
more widespread in O2 runs. The Miocene samples display a more thorough degradation of carbonates and 
particularly feldspars relative to pure CO2 case when O2 is added; the likely impact of minor pyrite oxidation and 
related pH drop. Most common dissolution features observed are associated with K-feldspar and plagioclase (albite) 
grains (Fig. 2a). All K-feldspar and albite grains after reaction show severe corrosion features such as pits and steps. 
Carbonate minerals are rare in the reacted samples. The vast majority was dissolved. In fact, only one dolomite relic 
was observed in the two reacted samples (Fig. 2b). It shows severe destruction of the original mineral grain to a 
degree that it is no longer recognizable.   
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Pyrite oxidation is the only new reaction observed in these O2 experiments (Equation 1 and 2). Several rare 
pyrite framboids were found in the reacted samples and they appeared to be oxidized to various degrees. For 
example, the left pyrite framboid in Fig. 2(c) is completely oxidized and show no signal of sulfur in the EDS 
element map. Its original pyrite octahedral crystals were altered, though the shape of framboid remained. The center 
of the other pyrite framboid (to the right) was not completely oxidized and its chemical composition may remain 
unchanged (Fig. 2c). At its edge, however, pyrite crystals appear to have been converted into iron oxides and sulfide 
is no longer detectable in EDS image. Iron oxides as disk-like were observed scattering on the mineral surface after 
the O2-experiemnts (Fig. 2d).   
 
2FeS2 + 2H2O + 7O2 Æ 2Fe2+ + 4H+ + 4SO42-       (1) 
 
4Fe2+ + 3O2 Æ 2Fe2O3            (2) 
 
 
Fig. 2. SEM images of reacted Miocene sandstone. (a) Reacted sample Exp. M1, 70ºC, CO2 only. A skeleton of albite grain from dissolution; (b) 
reacted sample of Exp. M3, 100ºC, CO2 only. Dissolution relic of a dolomite grain. EDS point scan shows presence of Ca and Mg; (c) reacted 
sample of Exp. M4 (3.5% O2, 100ºC). EDS elemental map showing the center of the pyrite framboid on the right still retains sulfide (green), 
while rest is converted to iron oxide (brown). The pyrite framboid on the left depleted with sulphide; (d) reacted sample of Exp. M2 (7% O2, 
70ºC). Disk-like iron oxide crystals precipitated among kaolinite booklets. 
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Fig. 3. Concentrations of Ca, K, Mg, SO4 with time, Exp. M1 and M2, 70°C, 200 bars, with and without O2. 
 
The addition of O2 does not impact Ca concentration in brine, but does affect Mg, SO4 and K concentrations 
suggesting that feldspars and/or clays may experience enhanced reactivity in the presence of O2 (Figs. 3 and 4). 
The clear increase in SO4 concentration in response to O2, more dramatic at higher temperature despite the lower 
O2 concentration is most likely due to the oxidation of pyrite. Gypsum/anhydrite has not been described in these 
rocks and it is unclear why it would dissolve only when O2 is present. The Exp. M1 and M2  (70°C) and Exp. M3 
and M4 (100°C) display exactly the same behavior: Ca concentrations are unaffected by O2, very likely because 
Ca has already reached saturation next to the dissolving mineral surface even without the help of the pH drop due 
to pyrite oxidation. However, K shows a large increase when O2 is added likely related to the increase in feldspar 
dissolution due to the drop in pH. Perplexedly, Mg behavior is inconsistent, showing higher concentrations at 
lower temperature (70°C) and lower concentrations at higher temperature when O2 (70°C) is present. This 
behavior may be due to the variable magnesium content in the rock subsamples.  
4.2. Lower Tuscaloosa sandstone 
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The lower Tuscaloosa samples are mostly unreactive under pure CO2 (Fig. 5a and b). However, adding O2 has 
a clear effect on chlorite crystals which display some limited degradation dramatically expressed through a dense 
cover of FeOx precipitates (Fig. 5c). Very little pyrite if any is present is the sample (as suggested also by the 
limited increase in sulfate concentration). Red-brown stain appeared at sample surface after it was retrieved from 
the reaction cell. Under high magnification SEM, it is found that the red color is from iron oxide buds of 
nanometer size which precipitated on mineral surface (Fig. 5c and d). The iron oxide crystals occur on chlorite 
flakes in an orderly fashion (Fig. 5d), while they appear to be randomly littered on quartz surface (Fig. 5c). The 
source of iron is likely a chlorite which is a common iron-bearing member of the chlorite group called chamosite. 
(Ferrous) iron is the major cation in chamosite. Iron (II) in chlorite may have been mobilized by reacting with 
carbonic acid and then oxidized by O2 during the experiment (Equations 3 and 2). Both CO2 and O2 are necessary 
as CO2 alone did not impact chlorite. These reactions would also release Si, Mg and Al.  
 
(Fe2+,Mg)5Al(AlSi3O10)(OH)8  + 16H+  =  5(Fe2+, Mg2+) + 3SiO2(aq)  + 2 Al3+  + 12H2O  (3)  
 
 
 
Fig. 4. Concentrations of Ca, K, Mg, SO4 with time, Exp. M3 and M4, 100°C, 200 bars, with and without O2. 
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Fig. 5. SEM images of reacted lower Tuscaloosa sandstone. (a) Reacted sample of Exp. T1, 70ºC, CO2 only. Chlorite flakes surrounding a quartz 
crystal with no evidence of reaction; (b) reacted sample of Exp. T1, 70ºC, CO2 only. Chlorite coats on mineral grains with intact flaky 
occurrence; (c) reacted sample of Exp. T2, 70ºC, 3.5% O2. Iron oxide crystals on chlorite and quartz maybe derived from oxidation of chlorite; 
(d) reacted sample of Exp. T2, 70ºC, 3.5% O2. Close-up of chlorite covered by iron oxide. 
 
Water chemistry from Exp. T1 and T2 represent comparison of the two cases with and without O2 (Fig. 6). Ca 
concentrations are much lower than in the Miocene owing to the lack of calcite and appear independent of the 
presence of O2. Sulfate is also relatively independent of the presence of O2 but still slightly higher likely denoting 
the presence of some undetected pyrite; sulfate concentrations stay <50 ppm as opposed to <150 ppm in the 
Miocene case for which some very minor pyrite has been detected. Mg, Si, K, and alkalinity are slightly higher with 
pure CO2 than when O2 is present. Al concentrations are also higher with pure CO2 but in both cases, with and 
without O2, they drop quickly suggesting precipitation of silicates probably clays. Si concentration time series also 
show some irregularities but not a clear drop as visible in the Al time series. O2 seems to favor silicate precipitation 
maybe because some building components have been released by alteration of chlorite. 
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Fig. 6. Concentrations of Ca, Mg, Si, K, SO4 and alkalinity with time, Exp. T1 and T2, 70°C, 200 bars, with and without O2. 
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Fig. 7. SEM images of Cardium sandstone. (a) Unreacted Cardium sandstone containing fresh albite grain (Al) and small amount of pyrite (Py) 
present as fresh-looking octahedrons; (b) reacted sample of Exp. C2, 70ºC, 3.5% O2. Pyrite crystals covered by tiny flakes of iron oxide which 
may be derived from pyrite oxidation; (c) reacted sample of Exp. C2, 70ºC, 3.5% O2, showing a corroded albite grain with scattered iron oxide 
flakes on its surface; (d) reacted sample of Exp. C2, 70ºC, 3.5% O2. Quartz grains covered by clusters of iron oxide flakes. 
4.3. Cardium sandstone 
The unreacted and reacted rock samples were carefully examined using SEM equipped with an X-ray energy 
dispersive spectrometry system which enables semi-quantitative mineral chemical analysis. Besides dissolution of 
carbonates and feldspar dissolution caused by CO2, pyrite appeared to be largely consumed in the O2 experiment. 
The Cardium sample contains a small amount of pyrite and only trace amounts of carbonate and feldspar minerals as 
reactive mineral phases. With addition of oxygen, the reacted samples show higher degree of calcite dissolution and 
feldspar dissolution as two major mineral reactions. The dissolution features are much more acute and pervasive in 
the reacted samples. Compared with the sample reacted with pure CO2, the presence of O2 has caused pyrite 
oxidation and produced FeOx which precipitated on the surface of reacted rock chips (Fig. 7). In addition to 
dissolving carbonate and feldspar, the presence of O2 also led to alteration of pyrite. Pyrite is seen mostly as 
framboids in the unreacted rock sample, where crystals occur as fresh-looking octahedrons (Fig. 7a). In the O2-
reacted sample, however, pyrite has been largely consumed. The rare remaining crystals no longer show perfect 
crystalline outline (Fig. 7b). FeOx ubiquitously precipitated on mineral surfaces, which makes the reacted rock chips 
appear red on the surface. Fig. 7c shows a corroded albite grain surface littered with FeOx flakes of 100s 
nanometers in size. The close-up SEM image (Fig. 7d) shows the flakes occur in clusters which grow on smooth 
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grain surface. 
Comparison between aqueous chemistry of Exp. C1 (pure CO2) and C2 (CO2+O2) at 70°C and 200 bars show the 
effects of O2 during reaction of brine and reservoir mineralogy (Fig. 8). O2 may significantly increase the dissolution 
rates of carbonates and silicates and oxidation of pyrite. For all elements analysed, the release rate and final 
elemental concentration where higher in the experiment with O2. This is likely related to the decrease in pH 
following pyrite dissolution. Major ions (Ca, Mg, Si, K and SO4) show a concentration increase by a factor of at 
least 2 or 3 concomitant with the sharp increase in sulfate concentration from 15 ppm with no O2 to ~100 ppm 
related to pyrite oxidation. The drop in pH sped up the degradation of Fe carbonates and feldspars. Al also 
underwent the sharp increase in concentration but went back to low levels quickly suggesting the generation of 
authigenic silicates (most likely kaolinite that was actually observed). Fe exhibits a quick drop in aqueous 
concentration symptomatic of the precipitation of FeOx. 
4.4. Redwater Leduc limestone 
Redwater Leduc limestone consists of almost pure calcite. No other mineral phases were identified by SEM 
observation. The surface of the unreacted sample shows euhedral calcite grains and fresh-looking broken grain 
surfaces (Fig. 9a). In the samples reacted with CO2, the relatively smooth grain surfaces of the unreacted sample are 
now mostly covered by micritic calcite of <1 micron in size, which are closely aligned and stacked to form layers 
and lines (Fig. 9b and c). Dissolution pits of tens microns are common (Fig. 9b). The majority of grain surfaces were 
altered during the experiments.  
Similar to the samples reacted with CO2 only, the samples of Exp. R2 and R4 (3.5% O2) show extensive 
dissolution features (Fig. 9d-f). The majority of the calcite grains at sample surface are now featured with convolute, 
irregular dissolution holes, streaks, and gulfs (Figs. 9d and e). Most grain relics show complex, irregular shapes. 
Some larger grain surfaces are carved with ditches with regular interval (Fig. 9f). 
Aqueous chemistry shows that the addition of O2 has limited and mixed effects on calcite dissolution. Ca 
concentration is slightly lower with the presence of O2 at 70°C, while it is slight higher with O2 at 100°C (Fig. 10). 
Mg concentration is slightly elevated by O2 at both temperatures. The addition of O2 significantly increases the 
release of K at 100°C, but K concentration is not affected at 70°C. Similarly, sulfate concentration in Exp. R4 is also 
greatly elevated by the presence of O2 (Fig. 10). This discrepancy may be related to higher pyrite abundance in the 
subsample used in Exp. R4, whose oxidation reduced pH and increased feldspar dissolution. 
4.5. SACROC dolomite 
Tow experiments have been conducted at 70°C with and without O2 so far. The rock samples were examined by 
SEM, but aqueous chemistry are still being analysed. The dolomite sample consists mostly of dolomite and ferrous 
dolomite (ankerite) with small amounts of illite, chlorite, siderite, and K-feldspar. The unreacted sample is 
composed by dolomite rhombs with smooth crystal surface and breakage at the sample surface (Fig. 11a). The CO2-
reacted sample shows pervasive dissolution. All dolomite grains at the sample surface are covered by dissolution 
pits and holes. Dissolution is pervasive (Fig. 11b and c). Small buds, which are interpreted as iron oxides, are dotted 
on the reaction surface at high magnification.  
 The O2-reacted sample show strong dissolution with large dissolution holes and pits (Fig. 11d). Many dolomite 
grains are reduced to skeletal relics. The major difference caused by the addition of O2 is the relatively large volume 
of FeOx precipitates found at the reacted surface. They appear as spheres and clusters of spheres precipitated on the 
surface (Fig. 11e). Fibrous FeOx is also present. Point analysis using energy dispersive spectroscopy show high iron 
signals at these precipitation site, confirming the presence of FeOx (Fig. 11f). Siderite and iron-containing ankerite 
are the apparent sources of iron, which is oxidized by O2.  
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Fig. 8. Concentrations of Ca, Mg, K, SO4, Si and Fe with time, Exp. C1 and C2, 70°C, 200 bars, with and without O2. 
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Fig. 9. SEM images of Redwater Leduc limestone. (a) Unreacted sample showing typical euhedral calcite grains and breakage pattern; (b) reacted 
limestone of Exp R3 (CO2 only, 100°C) showing dissolution pit; (c) reacted of Exp R3 (CO2 only, 100°C). Calcite grains covered by regularly 
aligned micritic calcite as dissolution relics; (d) reacted sample of Exp R2 (3.5% O2, 70°C).  Dissolution remaining of calcite grains show 
dissolution holes and streaks with convolute outlines; (e) reacted sample of Exp R2 (3.5% O2, 70°C). Reacted grain surface entirely covered by 
calcite dissolution relics of irregular shapes; (f) reacted sample of Exp R4 (3.5% O2, 100°C). Calcite grain surface is carved out with orderly 
placed ditches. 
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Fig. 10. Concentrations of Ca, Mg, K, SO4, Si and Fe with time of Exp. R1-R4. 
5. Discussion and Summary  
Geochemical reactions of CO2-brine-rock have been extensively investigated by numerical modeling [3,4,5,6,7] 
Gunter et al., 1997; 2000; Xu et al., 2005; 2007; 2010), laboratory experiments [8,9,10] (e.g., Kaszuba et al., 2005; 
Ketzer et al., 2009; Yu et al., 2012), and field tests [11,12,13,14] (e.g. Kharaka et al., 2006; Mito et al., 2008; 
Assayag et al., 2009; Lu et al., 2012). In most cases, dissolutions of carbonate and feldspar minerals are the 
dominant mineral reactions. To evaluate the impact of O2 on CO2-brine-rock reactions, we look at major ions such 
as Ca, Mg, K, Al, Si, SO4. The concentration trends of Ca and Mg illuminate carbonate reactions, whereas K, Al, 
and Si are associated with silicate mineral reactions. Sulfate is the most distinctive anion during the O2-experiments. 
Fe is also sensitive to O2 presence.  
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Fig. 11. SEM images of SACROC dolomite. (a) unreacted dolomite showing fresh looking rhombs and breakage; (b) reacted dolomite of Exp. S1, 
CO2 only, 70°C. Grain surface populated with dissolution pits and holes; (c) reacted dolomite of Exp. S1, CO2 only, 70°C. Dolomite grain surface 
show tiny bumps of possible FeOx along with dissolution pits; (d) reacted dolomite of Exp. S1, 3.5% O2, 70°C. Dolomite grain relic with FeOx 
precipitates;  (d) reacted dolomite of Exp. S1, 3.5% O2, 70°C. Close-up of clusters of FeOx precipitates. Red circle marks energy dispersive 
spectroscopy analysis point; (f) X-ray energy dispersive spectroscopy spectrum for the analysis site marked in (e), showing major element 
constituent of Fe. 
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All the experiments show dissolution of carbonates (release of Ca, Mg, and Fe in CO2-only experiments) and 
feldspar (release of K and Si) caused by lowered pH when CO2 was introduced. SEM imaging shows that the 
reacted samples generally display enhanced dissolution features on carbonate and feldspar grains at the reaction 
interface. Carbonate dissolution is the most dominant reaction. Overall, the impact of O2 on carbonate and feldspar 
minerals is small for Miocene and lower Tuscaloosa sandstones and Redwater Leduc limestone. Reactions with 
Cardium sandstone were significantly enhanced by O2 due to pyrite oxidation. The addition of O2 in the Cardium 
experiments significantly increases concentrations of SO4, Ca, Mg, K, and other related cations. Pyrite oxidation 
lowers pH, which was buffered by calcite dissolution in the experiments of Miocene sandstone and Redwater Leduc 
limestone (and Tuscaloosa sandstone, to a lesser degree). However, Cardium sandstone contains only a trace amount 
of carbonate. Consequently, pH was not as well buffered by carbonate dissolution, and in turn, lower pH enhanced 
feldspar and calcite dissolution. The reason for the prominent effects of O2 lies in the combination of the presence of 
a small amount of pyrite and the lack of buffering minerals. The addition of oxygen produced more FeOx 
precipitates for SACROC dolomite which contains siderite and Fe-bearing ankerite. 
Overall, co-injection of O2 would have an impact in the event that both (1) redox-sensitive mineral species and 
(2) ferrous iron-bearing minerals (pyrite, Fe-bearing carbonates, and possibly glauconite, which contains mostly 
ferric Fe but also some ferrous Fe) are present. Pyrite oxidation, in particular further reduces pH, enhancing mineral 
dissolution. However, pH would be buffered by dissolution of carbonates when they are presnet. Once reduced 
species are mobilized, O2 can oxidize them and metal oxyhydroxides will precipitate, which in turn will provide 
sorption sites for certain trace elements. 
Based on experiment results, co-injection of a small fraction of O2 with scCO2 is unlikely to disrupt injection in 
siliciclastic formations that do not contain reducing minerals in large quantities. When redox-sensitive minerals are 
present, redox reactions will lead to mineral dissolution and secondary mineral precipitation. Pyrite, in particular, 
will quickly react with O2 to produce FeOx and sulfate, and yield barite if the formation water is rich in Ba.  
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